Malolactic fermentation (MLF) is carried out by Oenococcus oeni under very harsh conditions. This paper shows that stress compounds in wine such as SO 2 , fatty acids and copper have an inhibitory effect on cell growth and MLF duration, and relates this effect to an inhibition of ATPase activity. Of the stress compounds, SO 2 and dodecanoic acid had the strongest effect, decreasing the ATPase specific activity to 37% and 58%, respectively. It can be concluded that ATPase is a good indicator of the physiological state of the cells and their ability to lead MLF. ß
Introduction
Wine fermentation is a complex process driven by microorganisms such as yeast and lactic acid bacteria (LAB). Malolactic fermentation (MLF) carried out by these bacteria usually takes place after alcoholic fermentation. During MLF, L-malic acid is decarboxylated to L-lactic acid and CO 2 . As a consequence of the activity of the LAB leading the MLF the wine quality improves because the acidity decreases, the organoleptic characteristics are better and the microbiological stability of wine before bottling increases [1, 2] . The strains of LAB isolated from wine belong to the genera Lactobacillus, Leuconostoc, Oenococcus and Pediococcus, although MLF is mainly driven by Oenococcus oeni [3, 4] , a species formerly known as Leuconostoc oenos [5] . During wine fermentation, O. oeni has a high capacity to degrade L-malic acid under such unfavourable conditions as low pH [6] , high ethanol concentration [1, 7] and the presence of other compounds (for example, fatty acids) from the yeast metabolism [8, 9] or from technological aspects (for example, sulfur dioxide) [10] . SO 2 must be added to the must to control oxidation reactions and restrict the growth of indigenous yeast and bacteria, mainly acetic acid bacteria [11] . In this way, these stress conditions can a¡ect the survival of O. oeni, and this survival is related to the structure and function of the plasma membrane and its compounds [12, 13] . If the structure of the plasma membrane is altered, it will lose its semipermeability and enzymatic properties, and this will lead to cell death.
ATPase is bound to the plasma membrane in LAB and other bacteria and it could be a good marker of the condition of the membrane and its enzymatic activity [12] . Its function is essential for growth [14] since the ATPase proton pump, coupled to ATP hydrolysis, extrudes protons from the cell to the media. Indeed, Kobayashi et al. [15] proposed that ATPase controls intracellular pH and its activity depends on proton transport demand and substrate catabolism. Since the pH of wine is very low, ATPase activity is very important if the intracellular pH of LAB is to be maintained [16, 17] . Jobin et al. [18] described the activation of H þ -ATPase as a mechanism for regulating the growth of O. oeni in an acidic medium.
The ATPase of O. oeni is of the (F 1 F 0 ) H þ -ATPase type [12] and it can function reversibly, by the synthesis of ATP as an ATP synthase. In this way, it can generate metabolic energy (as well as the energy obtained from the degradation of carbon substrates). Cox and Henick-Kling [19] proposed that the malolactic conversion of L-malic acid to L-lactic acid, which is not energetic by itself, provides a proton motive force that is su⁄cient to drive ATP synthesis by membrane ATP synthase. Moreover, TourdotMarechal [17] used mutants of O. oeni to suggest a relationship between ATPase activity and malolactic activity.
This study analyses the e¡ect of several stress compounds in wine and winemaking conditions on O. oeni. It focuses on their e¡ects on MLF and mainly on the ATPase activity of O. oeni and it demonstrates that ATPase is inhibited by SO 2 , fatty acids and pesticides such as copper.
Materials and methods

Bacterial strains and growth conditions
Three di¡erent strains of O. oeni were used: O. oeni CECT4100 (type culture), obtained from the Coleccio ¤ n Espan ‹ ola de Cultivos Tipo (CECT, Valencia, Spain), O. oeni Vitilactic (commercial strain from Sofralab (Martin Vialatte) SA, Epernay, France) and O. oeni CR1, isolated from the Mas dels Frares winery by our research group. These strains were cultivated at 27 ‡C, under anaerobic conditions in MRSMF medium, which consists of MRS medium [20] purchased from Difco supplemented with DLmalic acid (4 g l 31 ) and fructose (5 g l 31 ). The pH was adjusted to 5.0 with 10 N KOH.
When cells were assayed as resting cells, they were grown in the MRSMF medium up to the late exponential phase, centrifuged (12 000Ug, 10 min) and washed twice with 8.5 g l 31 NaCl. The cells were then resuspended in 0.1 M phosphate^citrate bu¡er, pH 5.0, at 5U10 9^1 U10 10 cells ml 31 and incubated at 27 ‡C for 1 h in a Thermoshake orbital shaker (Gerhardt). When necessary, compounds such as ethanol, copper, sulfur dioxide or fatty acids (decanoic and dodecanoic) were added.
In the study of how these compounds inhibited cell growth and MLF, a synthetic medium similar to wine (SW) was used. Per 1 l distilled water, it contained the following: yeast extract, 4 g; glycerol, 2 g; DL-malic acid, 6 g; and ethanol at di¡erent concentrations depending on the experiment. pH was adjusted to 4.0 with 10 N NaOH. Bacterial strains were previously grown in MRS and inoculated (1% v/v) in SW medium in sealed bottles at 27 ‡C, without shaking.
Growth was monitored by the colony forming units (CFU) method. Serial dilution samples were plated on MRSMF agar and colonies were counted after 7 days at 27 ‡C.
Isolation of plasma membrane
Cells were suspended in 20 ml of 50 mM Tris^HCl, 50 mM sucrose bu¡er at pH 7, containing the following protease inhibitors : 1 mM phenylmethylsulfonyl £uoride (PMSF) and 3 WM pepstatin. Protoplasts were harvested and the plasma membranes isolated following Rimpila «inen [21] and Garbay and Lonvaud-Funel [12] . Samples were conserved at 4 ‡C for ATPase assay and stored at 320 ‡C for electrophoretic analysis.
ATPase activity assay
ATPase activity associated with the plasma membrane fractions was analysed following Garbay and LonvaudFunel [12] . Inorganic phosphate was quanti¢ed by the method of Ohnishi et al. [22] and ATPase activity was expressed as Wmol of inorganic phosphate released min 
Other procedures and reagents
L-Malic acid was determined enzymatically [23] using Boehringer Mannheim reagents and procedures. Protein concentration was determined using a Bio-Rad protein assay kit [24] with bovine serum albumin, from Sigma, as a standard. Other chemicals from Sigma were N,NPdicyclohexylcarbodiimide (DCCD), pepstatin A and ribonuclease A. The following compounds were purchased from Roche Molecular Biochemicals: DNase I, lysozyme, Na 2 ATP and PMSF. The other reagents used were of analytical grade.
Results and discussion
Inhibitory e¡ect of di¡erent compounds in wine on cell growth and MLF
Using procedures established by a previous study carried out in our laboratory into how pesticides inhibit some strains of O. oeni and MLF [25] , we studied the inhibitory e¡ect of ethanol, sulfur dioxide, copper and fatty acids on cell growth of O. oeni CECT 4100 and on MLF, in a 15 18
Results are expressed as the time required (in days) for 3 g l 31 L-malic acid to be totally consumed.
synthetic medium similar to wine, SW, at pH 4.0 and 27 ‡C. Table 1 shows that the total consumption of L-malic acid (3 g l 31 ) was delayed by ethanol and by the other compounds tested, in particular by the presence of SO 2 (only 5 mg l 31 can result in complete MLF lasting more than 40 days). In control experiments without ethanol or other compounds, there was a slight growth, and the numbers of cells (CFU ml 31 ) increased from 5U10 6 to 5U10 7 ml 31 (results not shown). When ethanol or any of the other compounds were added, there was a considerable decrease in cell numbers to below 1U10 5 ml 31 . Nevertheless, after the aforementioned delay in MLF, the cells recovered in the last days of MLF to reach numbers similar to those in the controls.
ATPase activity during cell growth
The speci¢c ATPase activity of three strains of O. oeni (CECT4100, Vitilactic and CR1) was monitored during cell growth in MRSMF medium. The results for strain CECT4100 are plotted in Fig. 1 . ATPase activity proved to depend on the cell growth phase because it increased during the exponential phase to reach a maximum value at the end (0. , data not shown), as ATPase bound to the plasma membrane of all the bacteria described [26] . To characterize the enzyme, kinetic parameters were obtained. The enzyme shows a Michaelis^Menten kinetics, and K m was 1.2 þ 0.1 mM, very similar to values obtained by other authors [12, 15] for similar bacteria.
E¡ect of di¡erent stress conditions on ATPase activity
Various stress conditions occur in wine when LAB grow and carry out MLF. As mentioned above, the survival and metabolic processes of O. oeni are a¡ected by such conditions in such a way that growth is seriously inhibited and the MLF is delayed by several days. Cell membranes are the ¢rst to be a¡ected by stress conditions, so ATPase activity was analysed because it is a plasma membrane and its activity can vary in response to changes in the medium. Resting cells of O. oeni CECT4100 previously grown in MRSMF medium were assayed for ATPase activity in the presence of 12% ethanol, dodecanoic and decanoic acids, 20 mg l 31 copper or 40 mg l 31 SO 2 . The results are shown in Table 2 , which also shows the e¡ect of other fermentation conditions such as acidic pH medium and high temperature incubation. Of the parameters studied, the inhibition was greatest in the presence of SO 2 and at a high temperature. The ATPase decreased its activity to 37% and 44.7%, respectively. Likewise, dodecanoic acid decreased to 58% of ATPase activity and decanoic acid had a synergetic e¡ect on ATPase inhibition with either ethanol or low pH.
Since SO 2 and fatty acids are usually present in wine fermentation, their inhibitory e¡ect was analysed in the other strains. Speci¢c ATPase activities were measured in strains CECT4100, Vitilactic and CR1 in the presence of di¡erent concentrations of SO 2 (Fig. 2) . In all strains, the inhibition of ATPase activity was more than 50% for both free SO 2 concentrations, although the commercial strain is slightly more sensitive towards 20 mg l 31 SO 2 . Strains C4100 and CR1 showed only a slightly higher inhibition at 40 mg l 31 SO 2 than at 20 mg l 31 SO 2 . This suggests that inhibition of ATPase activity is reaching a maximum and that there is a residual activity of about 40%. This would be in accordance with results obtained by Guzzo et al. [27] : that is to say, there may be two kinds of ATPases in O. oeni, a F 0 F 1 -ATPase and a P-ATPase, one of which would be more inhibited by SO 2 than the other in our assays.
It is common practice to add 50^100 mg l 31 of total SO 2 to must because of its antioxidant and antimicrobial properties [28] . However, it a¡ects LAB viability, as our experiments showed, and also yeast populations [29] . The cell growth of O. oeni is delayed and decreased and in the presence of SO 2 the speci¢c ATPase activity is inhibited. A quantity of free SO 2 enters the cell by di¡usion from the medium and some of it is converted to HSO 3 3 . In the cell, sul¢te may react with proteins, nucleic acids and some cofactors [30] and can inhibit enzymes, producing cell death. In our experiments, SO 2 reduced ATPase activity to 37%, and decreased viability and MLF activity.
Speci¢c ATPase activities of CR1 and Vitilactic strains are slightly inhibited by the toxicity of dodecanoic acid (5 mg l 31 ) (11% and 5% respectively, data not shown). In contrast and as has been mentioned above, strain CECT4100 shows a 41% inhibition. However, the toxicity of a shorter fatty acid, such as decanoic acid, was signi¢-cant when cells were incubated in the presence of ethanol (Table 2) , probably because both compounds a¡ect the membrane and consequently the structure and function of ATPase [17] . Capucho and San Romao [31] found that the toxicity of octanoic acid increased when the pH of the medium decreased from 5.4 to 3.0, indicating that the undissociated molecule is the toxic form. This form di¡uses passively across the plasma membrane and is soluble in the hydrophobic portion, so a fraction of these fatty acids may be incorporated into the plasma membrane and modify its composition and permeability.
As mentioned above, ATPase activity decreased slightly in the presence of 12% ethanol and decreased even further when decanoic acid was present (Table 2 ). Both are usual compounds in wine and it is important to note their synergetic inhibitory e¡ect. Ethanol interacts with membranes by becoming part of their hydrophobic structure. This increases the polarity of the region and a¡ects hydrophobic interactions. As a result, it can a¡ect the positioning of proteins within the membranes and therefore the ATPase function [32, 33] .
Copper was also studied because some of its derivatives are widely used as pesticides [34] to protect grapes and, consequently, some residual copper could remain in must and wine and a¡ect LAB [25] . Our results showed that 20 mg l 31 copper also reduced speci¢c ATPase activity. The inhibitory e¡ect of copper may be due to competition with Mg 2þ for ATPase. In conclusion, some of the stress parameters in the wine fermentation process that we have studied here (for example, ethanol, low pH, SO 2 and fatty acids) produce a loss of viability in O. oeni. In particular, care must be taken when adding SO 2 to the medium since it is common practice and considerably reduces LAB viability. Our results show that this loss in viability may be due to the inhibition of ATPase activity of O. oeni, so this enzyme is a good indicator of the physiological state of the cells. From our work, we conclude that the F 0 F 1 ATPase activity of O. oeni is a¡ected by ethanol, SO 2 , copper and fatty acids. These results have not been reported so far. Moreover, other cell compounds and metabolic processes may take part in compensating for this e¡ect and guaranteeing the survival of cells and the accomplishment of MLF. fellowships from the Spanish Direccio ¤ n General de Universidades and from the Catalan CIRIT, respectively.
